Introduction
============

Cell polarization is crucial for diverse processes including cell fate determination, differentiation, and specialized cell functions that underlie morphogenesis. The plasma membrane of mammalian epithelial cells is asymmetrically organized into apical and basolateral domains; the two domains serve differently to integrate epithelial function. The apical membrane, facing a lumen, is separated from the basolateral one by tight junctions (TJs), which participate in epithelial barrier function ([@bib13]; [@bib3]; [@bib44]; [@bib27]; [@bib51]).

Formation of apico-basal polarity in epithelial cells likely involves atypical protein kinase C (aPKC), which is considered to serve as a master enzyme in animal cell polarization ([@bib13]; [@bib3]; [@bib44]; [@bib27]; [@bib51]). aPKC constitutively interacts with Par6, an evolutionarily conserved adaptor protein, which interaction is mediated via N-terminal PB1 (Phox and Bem1p 1) domains of both proteins ([@bib38]; [@bib53]). In Par6, the PB1 domain is followed by a semi-CRIB (Cdc42/Rac interactive binding) motif and a PDZ (PSD95/Dlg/ZO-1) domain ([@bib25]; [@bib38]; [@bib54]; [@bib53]). During epithelial cell polarization in the fruit fly *Drosophila melanogaster*, the Par6--aPKC complex is shown to translocate from the cytoplasm to the apical surface, where the complex may be anchored via direct interaction of Par6 with the apical membrane-integrated protein Crumbs, the Pals1-related adaptor protein Stardust, or the small GTPase Cdc42 in the GTP-bound form ([@bib13]; [@bib51]). Par6 binding to Cdc42 requires both the semi-CRIB motif and the adjacent PDZ domain; this domain allows the semi-CRIB motif to efficiently interact with Cdc42 ([@bib11]; [@bib42]). On the other hand, the Par6 PDZ domain is capable of directly binding to the extreme C terminus of Crumbs in a canonical PDZ-binding manner ([@bib29]) and also to an internal sequence of Pals1 ([@bib41]; [@bib59]). In mammalian epithelial cells, it is established that Par3, a component of the well-known Par complex (containing Par3, Par6, and aPKC), is enriched solely at TJs; on the other hand, both Par6 and aPKC appear to be distributed not only at TJs but also throughout the apical surface ([@bib62], [@bib63]; [@bib32]), although it has also been suggested that Par6 predominantly localizes to the TJs ([@bib17]; [@bib7]). Thus, it is likely that although the Par3-containing complex is accumulated at TJs, the Par6--aPKC binary complex (without Par3) localizes specifically to the apical membrane during polarization in mammalian epithelial cells. The significance of Par6--aPKC translocation to the apical surface, however, is not well understood, especially in mammalian epithelial cells. This may be partly because RNAi-mediated knockdown of aPKC leads to apoptosis of MDCK cells ([@bib56]; [@bib8]) and RNAi-mediated depletion of Par6 is unsuccessful probably due to the protein stability and/or the presence of three distinct but closely related proteins ([@bib37]). It seems thus important to find and characterize a molecule involved in apical translocation of Par6--aPKC.

Cdc42, a Par6-binding protein, is known as regulator of cell polarity in many systems including yeasts, fruit fly neuroblasts, and migrating animal cells ([@bib44]; [@bib49]). In *Drosophila* epithelial cells, wild-type Par6 localizes to the apical membrane, but a mutant protein defective in binding to Cdc42 delocalizes to the cytoplasm, resulting in impaired formation of apico-basal polarity ([@bib19]). Although this finding suggests that Cdc42 localizes to the apical surface for anchoring of Par6, apical localization of Cdc42 in these cells has not been well evidenced. This may be because anti-Cdc42 antibodies suitable for immunostaining have been unavailable or because fixation conditions used have been unsuitable for immunostaining. Similarly, in monolayer culture of mammalian epithelial cells such as Madin-Darby canine kidney (MDCK) cells, localization of endogenous Cdc42 has not been well studied, although it has been reported that, in 3D culture of MDCK cells, GFP-fused Cdc42 is recruited to the apical surface and appears to participate in apical localization of aPKC ([@bib32]). The role of Cdc42 in aPKC targeting to the apical surface, however, has been questioned using experiments of 3D culture of human colon carcinoma-derived Caco-2 cells ([@bib23]).

The type I transmembrane protein Crumbs, another Par6 target, is known to serve as an evolutionarily conserved apical determinant ([@bib4]; [@bib6]). The C-terminal cytoplasmic region of Crumbs contains a canonical PDZ-binding motif, which directly interacts with the Par6 PDZ domain ([@bib29]) and also with the PDZ domain of Pals1, an adaptor protein that is enriched together with Patj at TJs but not in the apical surface ([@bib31]). In *Drosophila* epithelial cells, Par6 localization to the apical surface appears to require Crumbs ([@bib26]). Its dominant homologue in mammalian epithelial cells is Crumbs3 (Crb3; [@bib31]; [@bib29]). Crb3 has been shown to be capable of recruiting Par6 to the membrane in unpolarized mammalian cells ([@bib17]). It has recently been reported that depletion of Crb3 results in a failure of aPKC to localize to the forming apical membrane of MDCK cells at the two-cell stage in 3D culture ([@bib48]). However, the relationship between Par6 binding to Crb3 and Cdc42 has remained unknown. Thus, the mechanisms for Par6--aPKC translocation to the apical membrane are still unclear.

In the present study, we have identified the WD40 protein Morg1 (mitogen-activated protein kinase organizer 1, also known as WDR83; [@bib57]) as a novel Par6-binding protein. Morg1 participates in apico-basal polarization in MDCK cells: RNAi-mediated depletion of Morg1 impairs both TJ development in monolayer culture and cyst formation in 3D culture. Although depletion of Morg1 mislocalizes Par6--aPKC to the cytoplasm, forced targeting of aPKC to the apical surface restores apico-basal polarity in Morg1-depleted cells, providing evidence that Morg1-regulated translocation of Par6--aPKC plays a crucial role in polarization of mammalian epithelial cells. Morg1 interacts not only with Par6 but also with the apical protein Crb3, which facilitates Par6 binding to Crb3, leading to apical targeting of Par6--aPKC. We also show that endogenous Cdc42 is enriched at the apical membrane, and that this GTPase strongly promotes Par6 binding to Crb3, thereby stabilizing apical localization of Par6--aPKC for epithelial cell polarization.

Results
=======

Morg1 directly interacts with Par6
----------------------------------

To identify a Par6-interacting protein that regulates Par6--aPKC translocation, we screened a human fetal cDNA library in the yeast two-hybrid system using human Par6α as a bait. A positive clone obtained encodes Morg1 (also known as WDR83) of 315 amino acid residues, which comprises seven repeats of WD40, a module known to be involved in a variety of protein--protein interactions ([@bib60]). Morg1 exhibited a two-hybrid interaction not only with Par6α but also with its homologous proteins Par6β and Par6γ ([Fig. 1 A](#fig1){ref-type="fig"}). These Par6 proteins interacted with Morg1 also when exogenously expressed in COS-7 cells ([Fig. 1 B](#fig1){ref-type="fig"}). To test the interaction between endogenous proteins, we prepared antibodies raised against Morg1 as well as those against Par6 (see Materials and methods; [Fig. S1](http://www.jcb.org/cgi/content/full/jcb.201208150/DC1){#supp1}). As shown in [Fig. 1 C](#fig1){ref-type="fig"}, the anti-Morg1 antibodies coprecipitated Par6β with Morg1 from MDCK cells, indicating that endogenous Par6β interacts with endogenous Morg1 in these epithelial cells. It should be noted that this interaction does not prevent the constitutive association between Par6 and aPKC ([Fig. 1 D](#fig1){ref-type="fig"}).

![**Morg1 interacts with Par6.** (A) The yeast two-hybrid interaction between Morg1 and Par6. PJ69-4A cells transformed with a pair of pACT2--Morg1 and pGBK encoding Par6α, Par6β, or Par6γ were grown in the absence of histidine and adenine. (B and D) Proteins in the lysate of COS-7 cells expressing indicated proteins (Cell lysate) were immunoprecipitated (IP) and then analyzed by immunoblot (Blot) with the indicated antibodies. (C) Proteins in lysates of MDCK cells were immunoprecipitated with the anti-Morg1 or control IgG, and then analyzed by immunoblot with the indicated antibodies. The arrowhead indicates endogenous Par6β; asterisk denotes the heavy chain of IgG.](JCB_201208150_Fig1){#fig1}

Morg1 expressed in COS-7 cells was efficiently coimmunoprecipitated with full-length Par6β, Par6β (126--254), and Par6β (126--372), each containing both semi-CRIB motif and PDZ domain ([Fig. 2, A--C](#fig2){ref-type="fig"}), whereas deletion of either module resulted in a markedly reduced interaction. The N-terminal PB1 domain also contributed to the interaction but to a lesser extent. Furthermore, purified MBP--Morg1 was effectively pulled down with GST--Par6β (126--254) but not with proteins lacking the semi-CRIB motif or the PDZ domain ([Fig. 2 D](#fig2){ref-type="fig"}). Thus, Morg1 directly interacts with Par6, which interaction requires both semi-CRIB motif and PDZ domain. This interaction does not appear to use the pocket for binding to canonical PDZ ligands (typically C-terminal ligands) in the Par6 PDZ domain because substitution of tryptophan for Met-235 in the pocket did not inhibit Par6 binding to Morg1 ([Fig. 2 E](#fig2){ref-type="fig"}; [@bib62]). On the other hand, the canonical PDZ interaction with the C terminus of Crb3, which required the C-terminal four amino acids ([Fig. 2 F](#fig2){ref-type="fig"}), was impaired by the M235W substitution ([Fig. 2 F](#fig2){ref-type="fig"}; [@bib29]). Consistent with the previous structural analysis ([@bib11]; [@bib42]), the Met-235--containing pocket was not involved in Par6 interaction with GTP--Cdc42 ([Fig. 2 E](#fig2){ref-type="fig"}), which depends on both semi-CRIB motif and PDZ domain ([Fig. S2 A](http://www.jcb.org/cgi/content/full/jcb.201208150/DC1){#supp2}; [@bib24]; [@bib30]; [@bib45]; [@bib37]) as the interaction with Morg1. It seems thus possible that Morg1 and Cdc42 bind to Par6 in a mutually exclusive manner. Indeed, in binding to GST--Par6β, MBP--Morg1 was replaced by a GTP-bound form of Cdc42 (Q61L), but not by a GDP-bound form of Cdc42 (T17N; [Fig. 2 G](#fig2){ref-type="fig"}). The replacement also occurred at the cellular level: Morg1 binding to Par6 was abrogated by coexpression of Cdc42 (Q61L) in COS-7 cells ([Fig. 2 H](#fig2){ref-type="fig"}). This raises the possibility that Morg1 and Cdc42 function at distinct stages of a cellular event that involves Par6.

![**Morg1 and Cdc42 interact with Par6 in a mutually exclusive manner.** (A) Schematic structure of Par6β and its truncated proteins used in the present study. (B, C, E, and H) Proteins in the lysate of COS-7 cells expressing indicated proteins (Cell lysate) were immunoprecipitated (IP) and then analyzed by immunoblot (Blot) with the indicated antibodies. (D) GST--Par6β (126--150, 153--254, or 126--254) or GST alone was incubated with MBP--Morg1 or MBP alone, and pulled down with glutathione-Sepharose 4B beads, followed by SDS-PAGE analysis with Coomassie brilliant blue (CBB) staining or immunoblot with anti-MBP antibodies. (F) GST--Crb3-(84--120) or GST--Crb3-(84--116) was incubated with MBP--Par6β-(126--254), and analyzed as in D. (G) GST--Par6β-(126--254) or GST alone was incubated with MBP--Morg1 in the presence of a two- or sixfold molar excess of Cdc42 (Q61L) or Cdc42 (T17N) relative to Morg1 (Ratio). Proteins pulled down with glutathione-Sepharose 4B beads were subjected to SDS-PAGE and stained with CBB.](JCB_201208150_Fig2){#fig2}

Morg1 participates in TJ development by regulating apico-basal polarity
-----------------------------------------------------------------------

To investigate the function of Morg1 in mammalian epithelial cells, we generated two MDCK cell lines stably expressing a distinct short hairpin RNA (shRNA) against canine Morg1 (Morg1 kd \#1 and Morg1 kd \#2), in which the protein level of Morg1 was specifically reduced ([Figs. 3 A](#fig3){ref-type="fig"} and S1 A). Because Par6--aPKC is known to regulate epithelial apico-basal polarity for TJ development ([@bib55]), we investigated the role for the Par6-binding protein Morg1 in TJ assembly: a calcium-switch assay was performed to monitor the transepithelial electrical resistance (TER), a functional measure of TJ integrity, in 2D monolayer culture ([@bib5]). The increase in TER of Morg1-depleted cells was significantly delayed compared with control cells, indicating a role for Morg1 in functional TJ formation ([Fig. 3 B](#fig3){ref-type="fig"}). Transfection of Morg1 knockdown (kd \#1-1) cells with an RNAi-resistant Morg1 cDNA ([Fig. 3 C](#fig3){ref-type="fig"}) restored development of functional TJs ([Fig. 3 D](#fig3){ref-type="fig"}), which was confirmed by immunostaining for ZO-1, a TJ marker protein ([Fig. 3 E](#fig3){ref-type="fig"}). Thus, Morg1 likely plays an important role in TJ development, a landmark of epithelial apico-basal polarization.

![**Morg1 is required for Par6 translocation to the apical surface in mammalian epithelial cells.** (A) Proteins in lysates of MDCK cells stably expressing Morg1-shRNA \#1 (Morg1 kd \#1-1 and kd \#1-2), Morg1-shRNA \#2 (Morg1 kd \#2), or empty vector (Control) were analyzed by immunoblot with the indicated antibodies. (B) TER measurements of monolayers of Morg1-depleted cells 12 or 16 h after the calcium switch (CS). The values are means ± SD of three independent experiments. \*, P \< 0.02; \*\*\*, P \< 0.001 (Dunnett's test). (C) Lysates of Morg1 kd \#1-1 cells stably transformed with the siRNA-resistant HA--Morg1 plasmid (Morg1 kd \#1-1 + HA--Morg1) or empty vector (Morg1 kd \#1-1 + Vector) were analyzed by immunoblot with the indicated antibodies. The arrow and arrowhead indicate endogenous Morg1 and HA--Morg1, respectively. (D) TER measurements of monolayers of parental MDCK or Morg1 kd \#1-1 cells with or without HA--Morg1 after CS. (E) Representative images of Morg1 kd \#1-1 cells with or without HA--Morg1. Cells were fixed 4 h after CS and stained with the anti-ZO-1 antibody. (F) Cross-sectional z-stack analysis of representative confocal images of Morg1 kd \#1-1 cells with or without HA--Morg1. Cells were fixed 0, 1, or 10 h after CS, and stained with the indicated antibodies. (G) Cross-sectional z-stack analysis of representative confocal images of control MDCK or Morg1 kd \#1-1 cells expressing HA--aPKC (wt or D63A). Cells were fixed 2 h after CS, and stained with the indicated antibodies. Bar, 10 µm.](JCB_201208150_Fig3){#fig3}

Morg1 participates in translocation of Par6--aPKC to the apical surface
-----------------------------------------------------------------------

It seems possible that the Par6-binding protein Morg1 is involved in Par6 translocation because Morg1 contributes to TJ assembly ([Fig. 3, D and E](#fig3){ref-type="fig"}), an event that involves Par6 as a crucial regulator ([@bib10]). To test this possibility, we investigated effects of Morg1 depletion on Par6 localization in MDCK cells. Even after calcium depletion from culture media of parental MDCK cells, Par6β staining was retained at the apical surface ([Fig. 3 F](#fig3){ref-type="fig"}). In Morg1 knockdown cells, Par6β was initially distributed to the cytoplasm and later to the apical surface; the delay was restored by expression of HA--Morg1, a protein translated from the RNAi-resistant mRNA ([Fig. 3 F](#fig3){ref-type="fig"}), indicating a crucial role for Morg1 in Par6 translocation. aPKCι/λ, as well as Par6, translocated to the apical membrane in a manner dependent on Morg1 ([Fig. 3 G](#fig3){ref-type="fig"}). aPKC translocation appears to require its interaction with Par6: aPKCι/λ (D63A), defective in binding to Par6 ([@bib21]; [@bib38]), failed to localize to the apical membrane even in cells normally expressing Morg1 ([Fig. 3 G](#fig3){ref-type="fig"}). Intriguingly, Morg1 depletion led to mislocalization of the basolateral marker β-catenin to the apical membrane; the delay of β-catenin relocalization to the basolateral membrane was restored upon expression of HA--Morg1 ([Fig. 3 F](#fig3){ref-type="fig"}). Thus, Morg1 likely regulates Par6--aPKC translocation to define the apical identity, thereby preventing basolateral proteins from associating with the apical cortex.

Cdc42 also participates in apical localization of Par6--aPKC
------------------------------------------------------------

The two Par6 partners Morg1 and Cdc42, intrinsically expressed in MDCK cells ([Fig. 4 A](#fig4){ref-type="fig"}), showed different intracellular localization. Morg1 was predominantly distributed to the cytoplasm ([Fig. 4 B](#fig4){ref-type="fig"}), although careful microscopic examination revealed that Morg1 is slightly enriched on the apical side ([Figs. 4 C](#fig4){ref-type="fig"} and [S3](http://www.jcb.org/cgi/content/full/jcb.201208150/DC1){#supp3}). In contrast to Morg1, Cdc42 mainly localizes to the apical surface ([Fig. 4 D](#fig4){ref-type="fig"} and S3): the localization was demonstrated by immunostaining of cells fixed with trichloroacetic acid, as described in the Materials and methods. Because the role of endogenous Cdc42 in Par6 targeting in mammalian epithelial cells has not been well studied especially under 2D culture conditions, we studied the role by treating MDCK cells with small interfering RNAs (siRNAs) specific to Cdc42. The treatment resulted in specific depletion of Cdc42 ([Fig. 4 A](#fig4){ref-type="fig"}) and a failure in TJ development ([Figs. 4 \[D and F\]](#fig4){ref-type="fig"} and S2 \[C and D\]). In Cdc42-depleted cells, Par6 failed to localize to the apical surface ([Fig. 4 E](#fig4){ref-type="fig"}), whereas β-catenin was redistributed over the entire plasma membrane ([Fig. 4 E](#fig4){ref-type="fig"}). Thus, similar to Morg1, Cdc42 participates in apical localization of Par6, thereby controlling cell polarization. Because apical localization of Cdc42 was independent of Morg1 ([Fig. 4 D](#fig4){ref-type="fig"}), Cdc42 appears to function at a distinct stage in Par6 translocation; Cdc42 may anchor Par6 to the apical membrane via direct interaction.

![**Cdc42 as well as Morg1 regulates Par6 recruitment to the apical surface to define apical identity.** (A) Proteins in lysates of MDCK cells transfected with negative control RNA, Morg1-specific siRNA, or Cdc42-specific siRNA were analyzed by immunoblot with the indicated antibodies. (B) Representative confocal images of MDCK cells transfected with negative control RNA or Morg1-specific siRNA. Cells were fixed 4 h after the calcium switch (CS) and stained as indicated. (C) Representative fluorescence intensity of Morg1 and Hoechst staining along the apical--basal axis. (D and E) Representative confocal images of MDCK cells transfected with control RNA, Morg1 siRNA, or Cdc42 siRNA. Cells were fixed 4 h after CS and stained with the indicated antibodies. Representative fluorescence intensity of Cdc42 staining along the apical--basal axis (D). (F and G) Representative confocal images of MDCK cells stably expressing Crb3--HA. Cells were transfected with the indicated RNA, fixed 4 h after CS, and stained with the indicated antibodies. Bar, 10 µm. Statistical analyses of data in C, D, and G are shown in [Fig. S3](http://www.jcb.org/cgi/content/full/jcb.201208150/DC1){#supp4}.](JCB_201208150_Fig4){#fig4}

Morg1 interacts with Crb3 to facilitate Par6--aPKC binding to Crb3 for membrane localization
--------------------------------------------------------------------------------------------

Crb3, another candidate for Par6-anchoring proteins ([@bib48]), was present at the apical membrane of MDCK cells under monolayer culture conditions ([Figs. 4 \[F and G\]](#fig4){ref-type="fig"} and S3). Crb3 was at least partly retained at the apical surface even in Morg1-depleted cells ([Fig. 4, F and G](#fig4){ref-type="fig"}), consistent with the idea that Crb3 as well as Cdc42 serves as an anchor for Par6--aPKC. To investigate the role of Crb3 in Par6 localization, we coexpressed GFP--Crb3 with wild-type Par6β or a mutant protein carrying the M235W substitution in the PDZ domain, which is capable of binding to Morg1 and Cdc42 but defective in interacting with Crb3 ([Fig. 2](#fig2){ref-type="fig"}) in MDCK cells. As shown in [Fig. 5 A](#fig5){ref-type="fig"}, wild-type Par6β colocalized with Crb3 to membranes. In contrast, Par6β (M235W) failed to interact with full-length Crb3 ([Fig. 5 B](#fig5){ref-type="fig"}) and mislocalized to the cytoplasm ([Fig. 5 A](#fig5){ref-type="fig"}). These findings indicate that Crb3 serves as a Par6-anchoring protein. The anchoring function may be expected because Crb3 is a membrane-integrated protein that is initially transported to the pre-apical surface during cell polarization ([@bib6]).

![**Morg1 facilitates Par6 binding to Crb3.** (A) Cross-sectional z-stack analysis of representative confocal images of MDCK cells expressing GFP--Crb3 and various mutants of HA--Par6β. Cells were stained with the indicated antibodies. (B, C, E, and G--I) Proteins in the lysate of COS-7 cells expressing indicated proteins (Cell lysate) were immunoprecipitated (IP) and then analyzed by immunoblot (Blot) with the indicated antibodies. MW and ISAA denote the M235W and I133A/S134A substitutions, respectively. (D) Representative confocal images of MDCK cells expressing GFP--Crb3, HA--Par6β, and FLAG--Morg1, visualized by GFP (green) and with the anti-FLAG (red) and HA (blue) antibodies. (F) Proteins in cell lysates of control MDCK or Morg1 kd \#1-1 cells expressing FLAG--Par6β and GFP--Crb3 were analyzed as in B. Bar, 10 µm.](JCB_201208150_Fig5){#fig5}

Par6 binding to Crb3 is known to require the PDZ domain but not the semi-CRIB region ([@bib29]). However, a mutant Par6β lacking this region (Par6β-ΔCRIB), as well as Par6β (M235W), was distributed to the cytoplasm in GFP--Crb3-expressing cells ([Fig. 5 A](#fig5){ref-type="fig"}), indicating that semi-CRIB also has a role in apical translocation of Par6. Because semi-CRIB is also required for Par6 interaction with Morg1 and Cdc42 ([Fig. 2](#fig2){ref-type="fig"}), it seems possible that these two proteins control Par6 binding to Crb3. To test this possibility, we first studied the role for Morg1 in Par6--Crb3 interaction. Indeed, Morg1 did interact with Crb3 ([Fig. 5 C](#fig5){ref-type="fig"}), which is consistent with the observation that exogenous expression of Crb3 promoted apical enrichment of Morg1 ([Fig. 5 D](#fig5){ref-type="fig"}). Intriguingly, Morg1 enhanced Par6 binding to Crb3 to a large extent ([Fig. 5 E](#fig5){ref-type="fig"}). On the other hand, the binding was reduced in Morg1-depleted cells ([Fig. 5 F](#fig5){ref-type="fig"}), which is consistent with the finding that Morg1 depletion disrupts apical localization of Par6 in cells expressing GFP--Crb3 ([Fig. 5 A](#fig5){ref-type="fig"}). Morg1 can function even in the absence of direct interaction between Par6 and Crb3; indeed, Morg1 facilitated Par6 binding to Crb3-ΔC ([Fig. 5 G](#fig5){ref-type="fig"}), a mutant protein incapable of directly binding to Par6 ([Fig. 2 F](#fig2){ref-type="fig"}). It is thus likely that Morg1 tethers Par6 to Crb3, i.e., Morg1 allows Crb3 to anchor Par6--aPKC at the apical surface. In addition, Morg1 exerted the tethering effect independently of Cdc42 ([Fig. 5 H](#fig5){ref-type="fig"}): Morg1 facilitated Crb3 interaction with Par6β (I133A/S134A), which is able to bind to Morg1 ([Fig. 5 I](#fig5){ref-type="fig"}) but not to Cdc42 ([@bib1]). Thus, Morg1 appears to regulate apical translocation of Par6--aPKC by facilitating Par6 interaction with the apical transmembrane protein Crb3.

Cdc42 replaces Morg1 and further stabilizes Par6--aPKC binding to Crb3 for membrane localization
------------------------------------------------------------------------------------------------

We next investigated the role of the apically localized small GTPase Cdc42 ([Fig. 4](#fig4){ref-type="fig"}) in interaction of Par6 with Crb3. As shown in [Fig. 6 A](#fig6){ref-type="fig"}, expression of the constitutively active form of Cdc42 (Q61L), but not the dominant-negative form of Cdc42 (T17N), led to a marked increase in interaction between Par6 and Crb3. On the other hand, Par6β (I133A/S134A) interacted only weakly with Crb3 in cells, whereas wild-type Par6β strongly bound to Crb3, probably because of the function of endogenous Cdc42 ([Fig. 5 B](#fig5){ref-type="fig"}). The effect of Cdc42 appears to be due to its direct binding to Par6, because purified Cdc42 (Q61L) also enhanced interaction between the recombinant proteins Par6 and Crb3 ([Fig. 6 B](#fig6){ref-type="fig"}). These findings indicate that Cdc42 markedly increases Par6 binding to Crb3, which likely allows the Par6--aPKC complex to fully localize to the apical membrane.

![**Cdc42 facilitates Par6 binding to Crb3.** (A and C) Proteins in the lysate of COS-7 cells expressing indicated proteins (Cell lysate) were immunoprecipitated (IP) and then analyzed by immunoblot (Blot) with the indicated antibodies. In C, the arrow and arrowhead indicate the positions of FLAG--Crb3 and Myc--Par6, respectively; Single and double asterisks denote the heavy and light chains of IgG, respectively. (B) GST--Crb3-(84--120 or 84--116) was incubated with MBP--Par6β-(126--254) in the presence of Cdc42 (Q61L or T17N), and pulled down with glutathione-Sepharose 4B beads, followed by SDS-PAGE analysis with CBB staining.](JCB_201208150R_Fig6){#fig6}

Because Morg1 and Cdc42 each facilitate Par6--Crb3 interaction as described in the previous section, we next tested whether they function together or separately. As shown in [Fig. 6 C](#fig6){ref-type="fig"}, Par6 binding to Crb3 in the presence of Morg1 was further enhanced by GTP--Cdc42 but not by GDP--Cdc42. Importantly, the GTP--Cdc42 form simultaneously induced dissociation of Morg1 from the Crb3 complex ([Fig. 6 C](#fig6){ref-type="fig"}). This may be in agreement with the present observation that Cdc42 effectively replaced Morg1 in binding to Par6 ([Fig. 2, G and H](#fig2){ref-type="fig"}), whereas the Cdc42--Par6 interaction was not affected by depletion of Morg1 (Fig. S2 B). Thus, it seems likely that Morg1 recruits the Par6--aPKC dimer from the cytoplasm to the apical membrane via interaction with Crb3, and Cdc42 replaces Morg1 at the apical membrane and further stabilizes the complex containing Crb3 and Par6--aPKC.

Morg1 participates in cyst formation by regulating apico-basal polarity
-----------------------------------------------------------------------

The 3D culture system of MDCK cells provides an excellent model of epithelial morphogenesis in vitro ([@bib6]): culture of a cell embedded in a gel of ECM leads to formation of a spherical cyst with a central lumen, which is enclosed by a polarized cell monolayer. To assess the role for Morg1 in epithelial morphogenesis, we depleted Morg1 with specific siRNA from MDCK cells ([Fig. S4, A and B](http://www.jcb.org/cgi/content/full/jcb.201208150/DC1){#supp5}) and cultured them in an ECM-containing Matrigel ([Figs. 7](#fig7){ref-type="fig"} and S4). After culture for 48 h, most control cells formed normal cysts with a solitary lumen, the surface of which was positive for the apical marker gp135 and F-actin ([Fig. 7, A, B, D, and J](#fig7){ref-type="fig"}). The basolateral marker β-catenin was exclusively present at sites of cell--cell contact and sites facing the ECM, whereas the TJ marker ZO-1 existed at the site between apical and basolateral membranes ([Fig. 7 C](#fig7){ref-type="fig"}). Under Morg1-depleted conditions, "inverted" cysts containing one or more cells that exhibit an inverted polarity with the apical markers facing the ECM ([Fig. 7, A, E, G, and K](#fig7){ref-type="fig"}) as well as cysts with multiple lumens and gp135-rich vesicles/vacuoles ([Fig. 7 A](#fig7){ref-type="fig"}) were increased ([Fig. 7, F and L](#fig7){ref-type="fig"}). Formation of these abnormal cysts appears to be attributable to Morg1 depletion because exogenous expression of RNAi-resistant Morg1 mRNA significantly restored normal cyst development (Fig. S4, C--F). Thus, Morg1 likely controls apico-basal polarity during cyst development. Consistent with this, depletion of Morg1 also affected other polarity-dependent processes: mislocalization of the basolateral marker β1-intergrin ([Fig. 7 G](#fig7){ref-type="fig"}), the Golgi apparatus protein GM130 ([Fig. 7 H](#fig7){ref-type="fig"}), and microtubule cytoskeleton ([Fig. 7 I](#fig7){ref-type="fig"}); and spindle orientation defect in early mitotic cells ([Fig. 7, M and N](#fig7){ref-type="fig"}). Similarly, Cdc42 knockdown induced both inversion of cell polarity in cysts ([Figs. 7 \[A and E\]](#fig7){ref-type="fig"}; and S2 E) and formation of cysts with multiple lumens ([Fig. 7, A and F](#fig7){ref-type="fig"}).

![**Morg1 controls apico-basal polarity during cyst development.** (A--C) Representative confocal images of MDCK cells transfected with control RNA, Morg1 siRNA, or Cdc42 siRNA. Cells were grown for 48 or 72 h in 3D culture and stained as indicated. (D--F) Quantification of normally oriented cysts with a solitary lumen (D, normal cysts), cysts with inverted orientation (E), or cysts with multiple lumens (F) in 3D culture of MDCK cells transfected with the indicated RNA. Values are means ± SD from three independent experiments (*n* ≥ 100 cysts/experiment). \*, P \< 0.05 (Welch's *t* test); \*\*\*, P \< 0.001 (Student's *t* test). (G--I) Representative confocal images of control MDCK or Morg1 kd \#1-1 cells. Cells were grown for 48 h in 3D culture and stained as indicated. (J--L) Quantification of normally oriented cysts with a solitary lumen (J, normal cysts), cysts with inverted orientation (K), or cysts with multiple lumens (L) in Morg1-depleted cells. Values are means ± SD from three independent experiments (*n* ≥ 100 cysts/experiment). \*\*\*, P \< 0.001 (Dunnett's test). (M) Representative confocal microscopy images of control MDCK or Morg1 kd \#1-1 cells in mitosis. Cells were grown for 48 h in 3D culture and stained with the indicated antibodies. Arrowheads and white lines indicate spindle poles and spindle axes, respectively. (N) Scatter diagrams and box-and-whisker plots of metaphase spindle angles in control MDCK and Morg1 kd \#1-1 cells (*n* = 25 cysts/experiment). \*\*\*, P \< 0.001 (Wilcoxon rank sum test). Bar, 10 µm.](JCB_201208150_Fig7){#fig7}

Morg1 contributes to apical development in early cyst morphogenesis
-------------------------------------------------------------------

Using the 3D culture system we also studied the role of Morg1 at the two-cell stage of epithelial morphogenesis. In 3D culture, individual MDCK cells divided to predominantly form two-cell aggregates ([@bib48]), where the apical marker gp135 as well as F-actin was concentrated at a plasma membrane domain, designated as pre-apical patch (PAP; [Fig. 8, A and B](#fig8){ref-type="fig"}). PAP, a structure formed between two divided cells, serves as a precursor of the apical membrane facing a lumen of the cyst ([@bib9]). In two-cell aggregates of Morg1-depleted cells, gp135 mislocalized to the plasma membrane facing ECM ([Fig. 8 B](#fig8){ref-type="fig"}), which leads to defective formation of PAP at sites facing another cell ([Fig. 8 A](#fig8){ref-type="fig"}). Thus, Morg1 likely contributes to apical development at the early stage of epithelial cyst morphogenesis.

![**Forced targeting of aPKC to the apical surface rescues apico-basal polarization in Morg1-depleted cells during cystogenesis.** (A) Representative confocal images of Morg1 kd \#1-1 cells expressing GFP, Crb3--HA, HA--aPKCι/λ, or Crb3--HA--aPKCι/λ in 3D culture. Cells were fixed and stained with the indicated antibodies. (B) Quantification of two-cell aggregates with PAP, a gp135-positive structure, in 3D culture of Morg1-depleted cells. Values are means ± SD from three independent experiments (*n* ≥ 75 aggregates/experiment). \*\*\*, P \< 0.001 (Dunnett's test). (C) Quantification of two-cell aggregates with PAP in 3D culture of MDCK cells treated with (+) or without (−) 40 µM of aPKC-PS. Values are means ± SD from three independent experiments (*n* ≥ 50 aggregates/experiment). \*\*\*, P \< 0.001 (Student's *t* test). (D) TER measurements of 2D monolayers of MDCK cells 8 h after the calcium switch (CS) in the presence of (+) or absence (−) of aPKC-PS. TER values of each sample were expressed as percentage of those of control cells. Values are means ± SD from three independent experiments. \*\*\*, P \< 0.001 (Student's *t* test). (E) Representative microscopy images of MDCK cells treated with (+) or without (−) aPKC-PS in 2D culture. Cells were fixed 4 h after CS and stained with the anti-ZO-1 antibody. (F) Cross-sectional z-stack analysis of representative confocal images of MDCK cells transfected with the indicated RNA in 2D culture. Cells were fixed 4 h after CS and stained with the indicated antibodies. (G) Schematic structure of aPKCι/λ-fusion proteins used in the present study. (H) Quantification of two-cell aggregates with PAP in 3D culture of Morg1 kd \#1-1 cells expressing GFP, Crb3--HA, HA--aPKCι/λ, or Crb3--HA--aPKCι/λ. Values are means ± SD from three independent experiments (*n* ≥ 100 aggregates/experiment). \*\*\*, P \< 0.001 (Tukey-Kramer test). (I) A proposed model for Morg1-mediated targeting of Par6--aPKC to the apical surface. For detail, see the text. Bar, 10 µm.](JCB_201208150_Fig8){#fig8}

Forced targeting of aPKC to the apical surface restores apico-basal polarity in Morg1-depleted cells
----------------------------------------------------------------------------------------------------

We finally investigated the role for aPKC, tightly dimerized with Par6 (a Morg1 target), in cyst morphogenesis. PAP formation of MDCK two-cell aggregates was significantly blocked by aPKC-PS ([Fig. 8 C](#fig8){ref-type="fig"}), a myristoylated pseudosubstrate that specifically inhibits aPKC. This inhibitor also disturbed assembly of functional TJs in MDCK monolayers ([Fig. 8, D and E](#fig8){ref-type="fig"}). These findings indicate a crucial role of aPKC activity in epithelial cell polarization. Because Morg1 depletion abrogated not only formation of a solitary lumen (Fig. S4 G) but also apical recruitment of Par6--aPKC ([Figs. 3, F and G](#fig3){ref-type="fig"}; [4 E](#fig4){ref-type="fig"}; and [8 F](#fig8){ref-type="fig"}), it seems possible that disturbed cell polarization in Morg1-depleted cells is due to the failure in apical recruitment of aPKC. This possibility may be supported by the observation that knockdown of Cdc42, a protein involved in anchoring of Par6--aPKC to the apical membrane, prevents both apical targeting of Par6--aPKC ([Figs. 4 E](#fig4){ref-type="fig"} and [8 F](#fig8){ref-type="fig"}) and formation of a solitary lumen (Fig. S4 G). To clarify the role for Morg1-mediated aPKC recruitment in epithelial cell polarization, we performed a "forced" targeting of aPKC to the apical surface by expressing aPKCι/λ as a protein fused to the apical transmembrane protein Crb3 (Crb3--HA--PKCι/λ) in Morg1-depleted cells ([Fig. 8 G](#fig8){ref-type="fig"}). Expression of Crb3--HA--PKCι/λ in Morg1-depleted cells culminated in correct formation of PAP at sites of cell--cell contact ([Fig. 8, A and H](#fig8){ref-type="fig"}) and a solitary lumen at the 3--4-cell stage ([Fig. S5 A](http://www.jcb.org/cgi/content/full/jcb.201208150/DC1){#supp6}). On the other hand, PAP or lumen formation was not restored by untargeted PKCι/λ (HA--PKCι/λ). The restoration of cell polarity in Morg1-depleted cells was also observed by expression of the aPKC partner Par6 fused to Crb3 (Fig. S5, B and C). These findings indicate that apical targeting of aPKC by itself is crucial for apico-basal polarization of epithelial cells, and that the targeting is normally regulated by Morg1.

Discussion
==========

In the present study we show that Morg1, a WD40 protein that is well conserved from insects to mammals ([@bib57]; [@bib16]), plays a crucial role in mammalian epithelial morphogenesis by regulating translocation of Par6--aPKC from the cytoplasm to the apical surface. Depletion of Morg1 results in mislocalization of Par6--aPKC to the cytoplasm and defective formation of apico-basal polarity ([Figs. 3](#fig3){ref-type="fig"}, [4](#fig4){ref-type="fig"}, and [8](#fig8){ref-type="fig"}), as indicated by disruption of tight junction development in monolayer culture ([Fig. 3](#fig3){ref-type="fig"}) and cyst formation in 3D culture ([Figs. 7](#fig7){ref-type="fig"} and [8](#fig8){ref-type="fig"}). The idea that the primary role for Morg1 is to promote apical translocation of Par6--aPKC is also supported by the finding that apico-basal polarity is restored by forced targeting of aPKC to the apical membrane in Morg1-depleted cells ([Fig. 8](#fig8){ref-type="fig"}). Morg1 is considered to be essential for mammalian development because Morg1-deficient mice exhibit embryonic lethality at embryonic day 10.5 ([@bib14]). It should be noted that several WD40 proteins, such as RACK1 and a subunit of PP2A, also participate in targeting of their binding partners to an intracellular-specific site ([@bib47]; [@bib39]).

The present study also highlights the fact that epithelial cell polarity requires the apically targeted activity of aPKC, an evolutionarily conserved enzyme for polarization in a variety of cells ([@bib27]; [@bib51]). Apico-basal polarity is disrupted when apical localization of Par6--aPKC is prevented by depletion of Morg1 or Cdc42 ([Figs. 3](#fig3){ref-type="fig"} and [4](#fig4){ref-type="fig"}) and when cells are treated with an inhibitor of aPKC activity ([Fig. 8](#fig8){ref-type="fig"}). Anchoring of Par6--aPKC to the apical surface appears to be mediated by the apical transmembrane protein Crb3. Although Par6 directly interacts via the PDZ domain with the C-terminal region of Crb3 ([Fig. 6](#fig6){ref-type="fig"}; [@bib29]), Par6 (M235W), a mutant protein capable of binding to Morg1 and Cdc42 ([Fig. 2](#fig2){ref-type="fig"}) but not to Crb3 ([Fig. 5](#fig5){ref-type="fig"}), fails to localize to the plasma membrane in cells expressing GFP--Crb3 ([Fig. 5](#fig5){ref-type="fig"}). Furthermore, aPKC fused to Crb3 is targeted to the apical membrane, and thus rescues apico-basal polarity in Morg1-depleted cells ([Fig. 8](#fig8){ref-type="fig"}). Crb3 is considered to be transported to the region for future apical membranes at an earliest stage of epithelial cell polarization and to function as an apical membrane--initiating factor ([@bib6]). This may be also supported by the present finding that Crb3 is retained at the apical surface even in Morg1- or Cdc42-depleted cells, where Par6--aPKC is largely excluded from the apical membrane ([Figs. 3](#fig3){ref-type="fig"}, [4](#fig4){ref-type="fig"}, and [8](#fig8){ref-type="fig"}). However, Crb3 by itself appears to be insufficient to define apical identity because the basolateral protein β-catenin associates not only with the basolateral membrane but also with the apical surface in Morg1- or Cdc42-depleted cells ([Figs. 3](#fig3){ref-type="fig"} and [4](#fig4){ref-type="fig"}). Definition of apical identity in epithelial cells likely requires Crb3-mediated anchoring of Par6--aPKC to the apical membrane.

In addition to the role as a Par6-anchoring protein, Crb3 is also directly involved in the mechanism by which Morg1 targets Par6--aPKC toward the apical surface. Morg1 interacts with Crb3 independently of Par6 and Cdc42 ([Fig. 5](#fig5){ref-type="fig"}) and localizes to the apical surface in cells overexpressing Crb3 ([Fig. 5](#fig5){ref-type="fig"}), which may explain the reason why Morg1 transports Par6--aPKC solely to the apical membrane, not to the basolateral membrane. Importantly, Morg1 facilitates Par6 binding to Crb3 ([Fig. 5](#fig5){ref-type="fig"}), by which Morg1 likely functions in apical translocation of Par6--aPKC.

The small GTPase Cdc42 appears to be another protein involved in anchoring Par6--aPKC to the apical membrane. Here we demonstrate, by fixation of cells with trichloroacetic acid, that endogenous Cdc42 mainly localizes to the apical membrane as well as TJs in monolayer culture of MDCK cells ([Fig. 4](#fig4){ref-type="fig"}). Although this fixation is not suitable for analysis of cells in 3D culture (unpublished data), GFP-fused Cdc42 has been shown to localize to the apical membrane in 3D culture ([@bib32]). Apical transport of Cdc42 appears to be independent of Morg1 ([Fig. 4](#fig4){ref-type="fig"}), and is instead considered to be mediated by annexin 2, a protein that interacts with phosphatidylinositol 4,5-bisphosphate, an apically enriched phospholipid ([@bib32]). It has been shown that Cdc42 is involved in translocation of Par6--aPKC from the cytoplasm to the apical membrane in *Drosophila* epithelial cells ([@bib19]; [@bib12]; [@bib15]; [@bib28]) and in 3D culture of mammalian cells ([@bib32]). The involvement of Cdc42 may be supported by the present observations that Par6-ΔCRIB, lacking the semi-CRIB motif required for binding to Cdc42 but not to Crb3 ([@bib29]), is mainly distributed to the cytoplasm ([Fig. 5](#fig5){ref-type="fig"}), and that depletion of Cdc42 results in mislocalization of aPKC in monolayer culture of MDCK cells ([Fig. 8](#fig8){ref-type="fig"}). On the other hand, Cdc42 does not seem to be sufficient for apical localization of Par6--aPKC because Par6 (M235W), which is able to interact with Cdc42 ([Fig. 2](#fig2){ref-type="fig"}) but not with Crb3 ([Fig. 5](#fig5){ref-type="fig"}), localizes to the cytoplasm in MDCK cells under the conditions where wild-type Cdc42 is fully targeted to the membrane ([Fig. 5](#fig5){ref-type="fig"}).

Cdc42 has been shown to directly bind to the semi-CRIB motif adjacent to the PDZ domain of Par6, thereby increasing the affinity of Par6-PDZ for its target hexapeptide VKESLV as a canonical C-terminal ligand ([@bib42]). However, an intrinsic Par6-PDZ--binding protein that contributes to formation of apico-basal polarity in a Cdc42-dependent manner has not been identified. The present study shows that binding of Par6-PDZ to the Crb3 C-terminal region with the sequence EERLI-COOH is directly facilitated by Cdc42 ([Fig. 6](#fig6){ref-type="fig"}), which likely allows Par6--aPKC to fully localize to the apical membrane. A similar Cdc42-mediated recruitment of Par6--aPKC by Crumbs has been postulated at the nascent subapical membrane of *Drosophila* photoreceptor cells ([@bib58]).

The adaptor protein Pals1, a homologue of *Drosophila* Stardust, is known to play an important role in apico-basal polarization of mammalian epithelial cells ([@bib46]; [@bib52]). Whereas Pals1 utilizes an L27 domain to interact with the Pals1-associated TJ protein Patj, an internal region near the N terminus of Pals1 is capable of directly binding to the Par6-PDZ domain ([@bib41]; [@bib59]). In contrast to Crb3 and Cdc42, however, Pals1 does not seem to participate in apical localization of Par6--aPKC because Pals1 predominantly localizes together with Patj to TJs but not to the apical membrane in mammalian epithelial cells ([@bib46]; [@bib52]). In addition, although Par6 binding to the apical transmembrane protein Crb3 is directly enhanced by Cdc42 ([Fig. 6](#fig6){ref-type="fig"}), this GTPase does not affect Par6 binding to Pals1 ([@bib41]; [@bib42]). Because both Crb3 and Cdc42 are involved in apical localization of Par6--aPKC ([Figs. 4](#fig4){ref-type="fig"}, [6](#fig6){ref-type="fig"}, and [8](#fig8){ref-type="fig"}), it seems possible that Pals1 functions mainly at TJs to regulate apico-basal polarity in a manner independent of Par6--aPKC.

The main apical polarity proteins that are evolutionarily well conserved have traditionally been grouped into two complexes: the Par complex containing Par3/its *Drosophila* homologue Bazooka, Par6, and aPKC; and the Crb complex composed of Crb, Pals1/Stardust, and Patj. The interplay between these proteins has recently been recognized as more dynamic than previously expected. Indeed, the present study shows that Crb3 likely interacts with Par6 rather than Pals1 at the apical membrane ([Figs. 5](#fig5){ref-type="fig"} and [8](#fig8){ref-type="fig"}). On the other hand, Par3 as well as Pals1 is known to be accumulated solely at TJs in mammalian epithelial cells ([@bib46]; [@bib62], [@bib63]; [@bib52]; [@bib32]). Because Par6--aPKC is distributed not only at TJs but also throughout the apical surface ([Figs. 3](#fig3){ref-type="fig"}, [4](#fig4){ref-type="fig"}, and [8](#fig8){ref-type="fig"}; [@bib62], [@bib63]; [@bib32]), the Par6--aPKC binary complex (lacking Par3) appears to specifically localize to the apical membrane in mammalian epithelial cells. Distinct localization of the Par6--aPKC binary complex and the Par3-containing complex is also indicated in fruit fly epithelial cells: in *cdc42* mutant cells the tight junctional localization of Par6 and aPKC is lost, whereas Bazooka remains localized at junctional sites ([@bib12]).

Based on the present findings we propose a model for Morg1-mediated translocation of the Par6--aPKC complex to the apical surface ([Fig. 8 I](#fig8){ref-type="fig"}). In the cytoplasm of epithelial cells, the soluble protein Morg1 directly interacts with Par6 via binding to the semi-CRIB and PDZ region. During cell polarization, Morg1 mediates translocation of the Par6--aPKC complex to the apical surface. The apical targeting is probably mediated via Morg1 interaction with the apical transmembrane protein Crb3. Indeed, Morg1 facilitates Par6 binding to Crb3. The translocated Par6--aPKC complex is anchored there by Par6-PDZ--mediated direct binding to Crb3, which is fortified by Cdc42, an apically localized small GTPase. Cdc42 interacts with the semi-CRIB motif of Par6 to induce a conformational change ([@bib42]), thereby increasing the affinity of the PDZ domain for the Crb3 C terminus. At the apical membrane Cdc42 simultaneously promotes dissociation of Morg1 from the complex containing Crb3 and Par6--aPKC ([Fig. 6](#fig6){ref-type="fig"}), probably via replacing Morg1 in binding to Par6 ([Fig. 2](#fig2){ref-type="fig"}). Morg1 released from the apical complex may redistribute immediately to the cytoplasm to interact with another Par6--aPKC dimer; indeed, Morg1 is predominantly detected in the cytoplasm. At the apical surface, aPKC activity plays a crucial role in epithelial cell polarization by defining apical identity. aPKC may phosphorylate its target proteins to restrict their localization, thereby defining apico-basal polarity in epithelial cells. Phosphorylation by aPKC is known to prevent basolateral proteins such as Lgl ([@bib2]; [@bib43]; [@bib62]) and Par1 ([@bib18]; [@bib56]) from mislocalizing to the apical membrane. aPKC phosphorylates not only Par3 ([@bib36]) but also Bazooka for apical exclusion of this Par3 homologue in *Drosophila* epithelial cells ([@bib35]). aPKC is also known to phosphorylate two threonine residues of Crumbs to regulate epithelial cell polarity in *Drosophila* ([@bib50]). Although these residues are conserved in mammalian Crb3, it is presently unknown whether aPKC phosphorylates Crb3 or not. The more detailed mechanism for aPKC function in mammalian epithelial cells should be addressed in future studies.

Materials and methods
=====================

Plasmids
--------

The cDNAs for human Par6α, Par6β, and Par6γ were obtained by RT-PCR using RNAs prepared from the human neuroblastoma SH-SY5Y cells, the human renal cell carcinoma KPK1 cells, and the human renal cell carcinoma SN12C cells, respectively; and the cDNA for human aPKCι/λ was obtained by RT-PCR using RNAs prepared from SH-SY5Y cells ([@bib37], [@bib38]). The cDNA for wild-type Cdc42 was obtained by RT-PCR using RNAs prepared from the human leukemia K562 cells, and mutations leading to the T17N and Q61L substitution were introduced by PCR-mediated site-directed mutagenesis ([@bib37]; [@bib34]). The cDNA encoding full-length human Morg1 (amino acid residues 1--315) was obtained by PCR using a human fetal brain cDNA library (Takara Bio Inc.). The cDNA encoding full-length human Crb3a (amino acid residues 1--120) was obtained by PCR using kidney cDNAs (Human Multiple Tissue cDNA Panel; Takara Bio Inc.). The DNA fragments encoding various lengths of Par6β and Crb3 were prepared by PCR using their respective full-length cDNAs. Mutations leading to the indicated amino acid substitutions in Par6β and Crb3 were introduced by PCR-mediated site-directed mutagenesis. The cDNAs were ligated to the following expression vectors: pACT2 and pGBK, a modified pGBT vector, for yeast two-hybrid experiments ([@bib21]; [@bib61]); pGEX-6P (GE Healthcare) for expression as GST fusion protein in *Escherichia coli*; pMAL-c2 (New England Biolabs, Inc.) for expression as protein fused to maltose-binding protein (MBP) in *E. coli*; pEF-BOS or pcDNA3.1(+) (Invitrogen) for expression in mammalian cells; and pEGFP-C1 (Takara Bio Inc.) for expression as GFP in mammalian cells. For expression of GFP--CRB3, pcDNA3.1(+) for a fusion protein containing the signal sequence of human Crb3, GFP, and a fragment of Crb3 lacking the signal sequence in this order was prepared. For expression of FLAG--Crb3, the FLAG peptide was inserted into the fusion protein instead of GFP. All the constructs were sequenced for confirmation of their identities.

Antibodies
----------

Rabbit anti-Morg1 sera were raised against the C-terminal 14-amino acid peptide of canine Morg1, and monospecific anti-Morg1 antibodies were affinity purified using a HiTrap NHS-activated HP column (GE Healthcare) conjugated with the immunogen (Fig. S1 A). Rabbit antisera for Par6β were raised against the C-terminal 19-amino acid peptide of human Par6β (Fig. S1, B and C). The anti-gp135 monoclonal antibody 3F2 ([@bib40]) was generously gifted from G.K. Ojakian (SUNY Downstate Medical Center, Brooklyn, NY). Anti-Cdc42, anti-GM130, and anti--β-catenin monoclonal antibodies were purchased from BD; an anti--β1-integrin monoclonal antibody (AIIB2) from Developmental Studies Hybridoma Bank (Iowa City, IA); an α-tubulin monoclonal antibody (YL1/2) from EMD Millipore; anti--γ-tubulin polyclonal antibodies from Abcam; anti--β-catenin polyclonal antibodies, an anti-ZO-1 monoclonal antibody, anti-aPKC polyclonal antibodies (for immunoblot), and an anti-aPKC monoclonal antibody (for cell staining) from Santa Cruz Biotechnology, Inc.; anti--β-tubulin and anti-FLAG monoclonal antibodies from Sigma-Aldrich; anti-Myc and anti-HA monoclonal antibodies from Roche; an anti-HA monoclonal antibody from Covance; anti-MBP polyclonal antibodies from New England Biolabs, Inc.; a rabbit normal immunoglobulin fraction from Dako; and rat and mouse monoclonal antibodies against GFP from Nacalai Tesque.

Two-hybrid experiments
----------------------

To obtain novel Par6-binding proteins, the yeast two-hybrid screening with a human fetal brain cDNA library (Takara Bio Inc.) was performed in the reporter strain PJ69-2A using full-length human Par6α as a bait ([@bib22]; [@bib61]). Among 3.4 × 10^5^ clones screened, a positive clone obtained encodes full-length Morg1 as revealed by sequencing analysis. For analysis of interaction between Morg1 and Par6, PJ69-4A cells were transformed with combinations of pACT2--Morg1 and pGBK encoding Par6α, Par6β, or Par6γ. After selection for the Trp^+^ and Leu^+^ phenotypes, transformed cells were tested for their ability to grow on plates lacking both histidine and adenine in the presence of 10 µM 3-aminotriazole.

An in vitro pull-down binding assay using purified proteins
-----------------------------------------------------------

GST- or MBP-tagged proteins were prepared as described previously ([@bib34]). In brief, recombinant proteins were expressed in the *E. coli* strain BL21, and cells were homogenized by sonication; after centrifugation, GST- or MBP-tagged proteins were purified using glutathione-Sepharose 4B (GE Healthcare) or amylose resin (New England Biolabs, Inc.), respectively. Recombinant Cdc42 (Q61L) and Cdc42 (T17N), both of which lack the C-terminal residues 189--191 and carry the C188S substitution for protein stabilization, were expressed as GST fusion protein in the *E. coli* strain BL21, and proteins were applied to glutathione-Sepharose 4B. GST-free, purified Cdc42 (Q61L) and Cdc42 (T17N) were obtained from glutathione-Sepharose 4B by cleavage of the GST moiety with PreScission Protease (GE Healthcare). GST-Par6β and MBP-Morg1 were incubated for 20 min at 4°C in 500 µl of a solution containing 100 mM NaCl, 1 mM dithiothreitol (DTT), 0.05% Triton X-100, and 20 mM Tris-HCl, pH 7.6; unless otherwise indicated, 0.5 nmol of GST-Par6β and 1.3 nmol of MBP-Morg1 were used. GST--Crb3-(84--120) or GST--Crb3-(84--116) was incubated with MBP--Par6β (126--254) for 20 min at 4°C in 300 µl of the solution described above. Proteins were pulled down with glutathione-Sepharose 4B beads and subjected to SDS-PAGE, followed by protein staining with Coomassie brilliant blue (CBB).

Immunoprecipitation assay
-------------------------

COS-7 cells were transfected using LipofectAMINE (Invitrogen) with indicated cDNAs and cultured for 24 or 48 h in DMEM with 10% fetal calf serum (FCS). MDCKII cells were transfected using Amaxa Nucleofector (Lonza) with indicated cDNAs and cultured in Eagle's minimal essential medium (MEM) with 10% FCS. Cells were lysed at 4°C with a lysis buffer (150 mM NaCl, 5 mM EDTA, 1 mM DTT, 0.5% Triton X-100, 10% glycerol, and 50 mM Tris-Cl, pH 7.6) containing Protease Inhibitor Cocktail (Sigma-Aldrich). The lysates were precipitated with the indicated antibodies in the presence of protein G--Sepharose (GE Healthcare). The precipitants were analyzed by immunoblot with the indicated antibodies. The blots were developed using ECL-plus (GE Healthcare) for visualization of the antibodies.

Generation of Morg1-deficient MDCK cell lines
---------------------------------------------

For expression of shRNA for Morg1 in canine kidney epithelial MDCKII cells, the following double-stranded synthetic oligomers were ligated to pSUPER.neo+gfp (OligoEngine): Morg1-shRNA\#1, 5′-GATCCCCGAGTACACAGGCCACAAGATTCAAGAGATCTTGTGGCCTGTGTACTCTTTTTA-3′ (sense) and 5′-AGCTTAAAAAGAGTACACAGGCCACAAGATCTCTTGAATCTTGTGGCCTGTGTACTCGGG-3′ (anti-sense); Morg1-shRNA\#2, 5′-GATCCCCGGCTCGTTTGACAACAGTATTCAAGAGATACTGTTGTCAAACGAGCCTTTTTA-3′ (sense) and 5′-AGCTTAAAAA GGCTCGTTTGACAACAGTATCTCTTGAATACTGTTGTCAAACGAGCCGGG-3′ (anti-sense). With these plasmids, MDCKII cells were transfected using Amaxa Nucleofector and selected in the presence of 600 µg/ml G418. The selection established two MDCK clones stably expressing Morg1-shRNA\#1 (Morg1 kd \#1-1 and \#1-2), one clone expressing Morg1-shRNA\#2 (Morg1 kd \#2), and one clone containing pSUPER.neo+gfp vector (Vector). A clone expressing both Morg1-shRNA and RNAi-resistant Morg1 mRNA (Morg1 kd \#1-1 + Morg1) was obtained by transfection of Morg1 kd \#1-1 cells with the pcDNA3.1/Hygro(+) plasmid encoding a mutant Morg1, followed by selection with both 500 µg/ml G418 and 250 µg/ml hygromycin B. In the RNAi-resistant Morg1 cDNA, six nucleotides of the Morg1-shRNA\#1 target region (5′-GAGTACACAGGCCACAAGA-3′) were mutated without affecting the amino acid sequence as follows: 5′-GA**A**TA**T**AC**C**GG**G**CA**T**AA**A**A-3′ (mutated nucleotides are shown in bold).

Knockdown with siRNA
--------------------

As double-strand siRNA targeting canine Cdc42 and canine Morg1, 25-nucleotide modified synthetic RNAs (Stealth RNAi; Invitrogen) were used: Cdc42-siRNA-1, 5′-CCACUGUCCAAAGACUCCUUUCUUG-3′ (sense) and 5′-CAAGAAAGGAGUCUUUGGACAGUGG-3′ (antisense); Cdc42-siRNA-2, 5′-GGACCCAAAUUGAUCUCCGAGAUGA-3′ (sense) and 5′-UCAUCUCGGAGAUCAAUUUGGGUCC-3′ (antisesnse); and Morg1-siRNA 5′-CCAGGGATGGCATATCCAGTGTGAA-3′ (sense) and 5′-UUCACACUGGAUAUGCCAUCCCUGG-3′ (anti-sense). Medium GC Duplex of Stealth RNAi Negative Control Duplexes \#2 (Invitrogen) was used as a negative control. MDCKII cells plated at 3 × 10^4^/cm^2^ were transfected with 20 nM siRNA using LipofectAMINE 2000 (Invitrogen) and cultured for 24 h in MEM containing 10% FCS.

Calcium switch assay
--------------------

MDCKII cells (5 × 10^6^) were seeded on a 35-mm glass-bottom dish (MatTek Corporation) and grown in MEM with 10% FCS, which contains 1.8 mM calcium (normal calcium medium), for formation of confluent monolayers. The monolayer cells were cultured for 16 h in the low calcium medium containing 2.1 µM calcium (S-MEM; Invitrogen) supplemented with dialyzed 10% FCS, and then incubated for 2 or 4 h in the normal calcium medium. For measurement of TER ([@bib33]), MDCKII cells (5 × 10^6^) were seeded on a 12-mm Transwell filter (0.4 µm pore size; Corning). The change in TER after addition of calcium was monitored with a Millicel-ERS (EMD Millipore). TER values were calculated by subtracting the blank value from an empty filter and were expressed in ohm·cm^2^.

Immunofluorescence microscopy
-----------------------------

For staining of Par6β, aPKC, and β-catenin, MDCKII cells were fixed for 20 min in 3.7% formaldehyde, and permeabilized for 30 min with 0.5% Triton X-100 in phosphate-buffered saline (PBS; 137 mM NaCl, 2.7 mM KCl, 8.1 mM Na~2~HPO~4~, and 1.5 mM KH~2~PO~4~, pH 7.4) containing 3% bovine serum albumin (BSA). For staining of Cdc42, ZO-1, and Morg1, cells were fixed for 10 min at 4°C with 10% trichloroacetic acid. For 3D culture, MDCKII cells were trypsinized to a single cell suspension of 1.6 × 10^4^ cells/ml in 5% Matrigel, containing laminin, type IV collagen, and entactin (BD), and 250 µl of the suspension was plated in an 8-well cover glass chamber (Iwaki) precoated with 60 µl of Matrigel, according to the method of [@bib32]. For staining of gp135, β-catenin, and HA-tagged proteins, MDCKII cells plated in Matrigel were fixed for 30 min in 4% paraformaldehyde, and subsequently permeabilized for 1 h in PBS containing 0.5% Triton X-100 and 3% BSA. For ZO-1 staining, MDCKII cells in Matrigel were fixed for 30 min in 4% paraformaldehyde and then for 5 min in 100% methanol on ice, followed by blocking for 2 h with PBS containing 3% BSA. Indirect immunofluorescence analysis was performed using the following as secondary antibody: Alexa Fluor 405--labeled anti--mouse IgG antibodies, Alexa Fluor 488--labeled goat anti--rabbit or anti--mouse IgG antibodies (Invitrogen), Alexa Fluor 546--labeled goat anti--mouse IgG antibodies (Invitrogen); and Alexa Fluor 594--labeled goat anti--rat IgG antibodies or Alexa Fluor 633--labeled goat anti--rat IgG antibodies (Invitrogen). Actin filaments were stained with Alexa Fluor 594 or 647 phalloidin (Invitrogen). Nuclei were stained with Hoechst 33342 (Invitrogen). Confocal images were captured at room temperature on a confocal microscope (model LSM510 or LSM780; Carl Zeiss) and analyzed using the LSM Image Examiner or ZEN (Carl Zeiss), respectively. The microscopes were equipped with a Plan Apochromat 63×/1.4 NA oil immersion objective lens or a C-Apochromat 40×/1.2 NA W Corr water immersion objective lens. For analysis of cyst morphogenesis of MDCKII cells, more than 100 cysts were tested: a normal cyst had a single lumen surrounded by cells that exhibit both intense actin staining at the apical surface and β-catenin staining at the surface facing the ECM; on the other hand, a cyst with actin at the surface facing the ECM was designated as with inverted orientation, and a cyst containing more than two lumens with intense actin staining was designated as with multiple lumens. To discriminate lumens from cytoplasmic gp135-rich vesicles/vacuoles, we defined a lumen as a gp135-rich, F-actin--rich structure that makes a contact with β-catenin--containing membranes via ZO-1--positive junctions.

Forced protein targeting to the apical surface was performed by expressing as a fusion to the C-terminally deleted Crb3 (amino acids 1--116), as described by [@bib64]. Crb3--HA lacks the C-terminal PDZ-binding motif, but instead harbors the HA tag at the C terminus; and Crb3--HA--aPKCι/λ and Crb3--HA--Par6β additionally contain aPKCι/λ and Par6β, respectively, at the C terminus of Crb3--HA. For analysis of two-cell aggregates expressing GFP, Crb3--HA, HA--aPKCι/λ, Crb3--HA--aPKCι/λ, or Crb3--HA--Par6β, more than 75 aggregates were tested: an aggregate possessing a gp135-positive surface between the cells was designated as two cells with apical surface. Fluorescent intensities were measured by counting gradient values using LSM Image Examiner ([@bib8]; [@bib20]).

Measurement of spindle angle
----------------------------

The measurement of spindle angle was performed according to the method of [@bib23] and [@bib64]. In brief, MDCK cysts grown for 48 h were fixed and stained with anti--γ-tubulin, anti--α-tubulin, and anti-gp135 antibodies. The acute angle between the spindle axis and the line connecting the centroid of the lumen and the center of the spindle was analyzed.

Statistical analysis
--------------------

Statistical differences were determined as follows: data for Morg1 knockdown cell lines were analyzed by one-way ANOVA with Dunnett's multiple comparison of means test; data for cells transfected with siRNA or treated with aPKC-PS were analyzed by two-tailed Student's or Welch's *t* test; data for analysis of spindle orientation were analyzed by two-sided Wilcoxon rank sum test; and data for Morg1 kd \#1-1 cells expressing various constructs of Crb3 were analyzed by one-way ANOVA with Tukey-Kramer's multiple comparison of means test.

Online supplemental material
----------------------------

Fig. S1 shows specificity of anti-Morg1 and anti-Par6β antibodies. Fig. S2 shows that Cdc42 is required for formation of apico-basal polarity in MDCK cells. Fig. S3 shows statistical analysis of apical localization of Morg1, Cdc42, gp135, Crb3, and β-catenin in Morg1- or Cdc42-depleted cells. Fig. S4 shows that Morg1 regulates apico-basal polarity of MDCK cells in 3D culture. Fig. S5 shows that Crb3--Par6 rescues apico-basal polarity in Morg1-depleted cells. Online supplemental material is available at <http://www.jcb.org/cgi/content/full/jcb.201208150/DC1>.
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